Objective-Total longitudinal displacement (tLoD) of the common carotid artery can be measured using the ultrasoundbased velocity vector imaging (VVI) technique. This study aimed to investigate clinical correlates and the possible predictive value of tLoD for cardiovascular outcome. Methods and Results-Four hundred forty-one patients referred for myocardial perfusion scintigraphy examination for suspected coronary artery disease were recruited and underwent VVI-assisted tLoD measurement. Patients were followed up with regard to major adverse cardiovascular event (MACE) 1 year later. Low tLoD (Յ0.055 mm) was associated with greater clinically determined myocardial ischemia (PϽ0.01). During a median follow-up time of 372 days, 61 MACEs occurred. In a Kaplan-Meier survival analysis, high tLoD (Ͼ0.055 mm) predicted 1-year event-free survival (PϽ0.01, highest versus lowest tertile odds ratio [OR]ϭ1.9). In a Cox regression model adjusting for age, gender, intima-media thickness, radial strain, pulse pressure, and percentage reversibility mass of myocardium, low tLoD remained a significant independent predictor of MACE (Pϭ0.03). Finally, low tLoD provided additional predictive value in subjects with increased intima-media thickness. Conclusion-VVI-derived tLoD seems to reflect cardiovascular status and predicts short-term event-free survival in medium-to high-risk patients. Finally, tLoD per se or in combination with intima-media thickness measurement may be a novel cardiovascular surrogate biomarker. (Arterioscler Thromb Vasc Biol. 2011;31:1668-1674.) 
L arge artery stiffness, most commonly defined as increased stiffness in the aorta and its major branches, is accepted as an independent risk factor for cardiovascular (CV) morbidity and mortality and is therefore an important variable in risk assessment. 1 The most extensively studied method to analyze large artery stiffness is pulse wave velocity. Increases in large artery stiffness values measured by pulse wave velocity have been shown to be prognostic for future CV events and mortality in various patient categories, as well as in a general population. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Because arterial stiffness is a descriptive term, 12 no single definition is possible because of the complexity of the arterial tree. Several different approaches to quantify the assessment of large artery stiffness are being used to investigate regional stiffness and local stiffness; these different approaches include a variety of methods, such as ultrasound measurements and the use of pressure tonometers. 13 The methods used to assess local arterial stiffness are based principally on the vessel wall radial movement (change in the vessel diameter) during the cardiac cycle. However, the longitudinal vessel wall movement that occurs along the length of the common carotid artery (CCA), in the cranio-caudal direction (ie, at right angles to the radial wall motion), has gained less attention and has previously been considered to be of minor clinical importance.
Recent advances in ultrasound software technology have made it possible to investigate cardiac wall motion with velocity vector imaging (VVI). This image analysis software is based on multiple M-mode evaluations. Tissue speckle tracking enables angle-independent measurement of ultrasound images in both radial and longitudinal directions during cardiac cycles. In the context of echocardiographic image analysis, VVI has been used to evaluate ventricular dyssynchrony. 14 The feasibility and reproducibility of this technique to study the CCA longitudinal wall motion by calculation of the total longitudinal displacement (tLoD) during a cardiac cycle has been investigated previously by our research group. 15 Our measuring concept includes assessment of the peak systolic and diastolic longitudinal CCA displacements.
In the present study, we investigated potential predictive values of tLoD for future CV events in a population with clinically suspected coronary artery disease (CAD). We also studied possible relationships between VVI-derived variables and CV correlates.
Methods

Patients and Study Design
Four hundred forty-one consecutive patients with clinically suspected CAD (referred for investigation of chest pain) were recruited for study participation at the Department of Clinical Physiology, Sahlgrenska University Hospital, Gothenburg, Sweden, from 2006 to 2008. All patients underwent standard myocardial perfusion scintigraphy (MPS) for detection of clinically meaningful myocardial ischemia. All patients were investigated on a second occasion, within 1 month of the MPS examination, with a complete ultrasound examination of the carotid arteries. Blood sampling was performed following overnight fasting. VVI measurements were processed later at a workstation. The study was approved by the local ethics committee in Gothenburg. All subjects gave written informed consent to participate in the study.
Ultrasound Examination of the Carotid Arteries
Carotid artery ultrasound was conducted by experienced sonographers, blinded to the result of the MPS examination, according to a standard protocol. The Acuson Sequoia 512 ultrasound system was used (Siemens Medical Solutions Inc) with an 8 MHz transducer (Sequoia 8L5C). CINE-looped images of the distal CCA, carotid bulb, and proximal internal carotid artery were stored for offline analysis. B-mode real-time ultrasound was used to evaluate the arterial wall intima-media thickness (IMT) of the CCA. IMT was defined as the distance from the lumen-intimal interface to the medial-adventitial border. 16 Presence of stenosis was defined as a 50% lumen narrowing and diagnosed as an elevated peak systolic velocity of Ͼ1.2 m/s in the internal carotid artery, external carotid artery or CCA. 17 The presence of plaques was evaluated in short-axis view of the carotid bifurcation by manual delineation. Conventional CCA radial strain was calculated as the radial (systolic diameter-diastolic diameter)/diastolic diameter, and the stiffness index ␤ was calculated according to Kawasaki et al as ln(systolic blood pressure/ diastolic blood pressure)ϫdiastolic diameter/(systolic diameterϪdiastolic diameter), where ln is the natural logarithm. 18
Velocity Vector Ultrasound Imaging Measurements
Our concept for measuring the tLoD of the CCA has been described in detail elsewhere. 15 Briefly, VVI software (Research Arena 2, TomTec imaging systems GmbH, Unterschleissheim, Germany) was used to derive the CCA vessel wall displacement in the longitudinal and radial directions of the right CCA far wall. Measurements were performed offline at a workstation using the leading-to-leading edge principle; edges were outlined manually approximately 1 cm distal to the carotid bifurcation in the right CCA. Five guiding points were distributed evenly within a 1-cm segment in both the near and far walls ( Figure 1 ). VVI measurements were all conducted to display peak values in systole and diastole during 1 cardiac cycle. tLoD, ie, the magnitude of the vessel motion during 1 cardiac cycle, was calculated as the sum of the peak displacement in systole and diastole as absolute values. All results on tLoD values represent the total movement of the right CCA far wall. The inter-and intraobserver variabilities of tLoD measurements are 9.1% and 10.5%, respectively. 15 The tracking ability of the VVI technique has previously been validated with good accuracy. 19 Figure 1 also illustrates the output of the software.
MPS
MPS was performed according to the standard clinical protocol. Briefly, the gated-SPECT studies were performed using a 2-day nongated stress/gated rest 99m Tc-sestamibi protocol. Patients un- 
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Longitudinal CCA Wall Motion and CV Events derwent either a maximal exercise, symptom-limited ergometry test or a pharmacological test with adenosine. Images were acquired with 2 different dual-head SPECT cameras (Infinia or Millenium VG, General Electric) equipped with a low-energy, high-resolution collimator. An automatic motion-correction program was applied in studies showing patient motion during acquisition. A clinical interpretation with regard to ischemia score and ischemia area was made offline by 1 experienced physician with aid of the automatically generated variables from the software Emory Cardiac Toolbox. Ischemia area and severity were scored as small, medium, and large (extent of left ventricle perfusion defect Ͻ10%, 10% to 19%, and Ͼ19%, scores 1 to 3), and low, medium, and high (scores 1 to 3), respectively. Left ventricle volumes and ejection fraction were evaluated using Cedars-Sinai Quantitative Gated SPECT (QGS) program.
Laboratory Analyses
The biochemical analyses were performed using commercially available kits according to the manufacturers' protocols. 
Definitions of Outcome Measures
Patients were followed up by telephone interviews and by medical records at 1 year. Study end point was set to major adverse CV events (MACEs), defined as the incidence of death from any cause, stroke, myocardial infarction, and coronary arterial revascularizations (as either coronary artery bypass grafting or percutaneous intervention). The definition of stroke was focal or global neurological deficits lasting for more than 24 hours and verified by either a neurologist or computed tomography brain scan. Definition of myocardial infarction was clinically driven and confirmed by elevation of troponin above upper normal limit in at least 2 consecutive samples.
Statistical Analysis
Analyses were made using SPSS statistical software, version 17.0 for Windows (SPSS Inc, Chicago, IL). Data are expressed as meanϮSD. A 2-tailed probability value of less than 0.05 was considered significant. Student t test and ANOVA were used to determine differences between groups. The Bonferroni correction was used for multiple comparisons between groups. Kaplan-Meier survival analysis was used to explore prospective predictive value of tLoD. For tests of linear trend significance of tLoD tertiles, a 2 test was used. Cox regression analysis was used to analyze the impact of various parameters on MACEs using dichotomized variables. The 2 test was used to determine the incremental value of tLoD above IMT.
Results
Baseline Characteristics
The study population consisted of 441 patients aged 62.0Ϯ9.0 years (range, 35 to 84 years). The range of tLoD was 0.002 to 2.129 mm. For the statistical analysis, tLoD were divided into tertiles (lowest tertile, Յ0.055 mm; middle tertile, 0.056 to 0.144 mm; highest tertile, Ն0.145 mm). As can be seen in Table 1 , patients with lower compared with higher tLoD did not display any differences in age or in gender. Patients with low tLoD had a greater body mass index compared with patients with middle tertile of tLoD (Pϭ0.03). Systolic and diastolic blood pressure components did not differ between the groups, nor was there a difference in pulse pressure. Furthermore, tLoD did not relate to the presence of diabetes mellitus, hypertension, or smoking habit. Medical treatments at baseline are displayed in Table 1 . Although no relationship to CCA plaque area in short-axis view could be seen, low tLoD had the greatest IMT, with a significant linear trend toward higher tLoD having the thinnest IMT (Pϭ0.04). There was no difference in the tLoD tertiles with regards to presence of stenosis. Manually calculated radial carotid strain was lower in the lowest tertile compared with the highest tertile of tLoD, in addition to a significant linear association. The interrelationship of the VVI-generated variables was highly associated: low tLoD showed the lowest radial displacement, lowest longitudinal velocity, lowest longitudinal strain, and lowest strain rate (PϽ0.001).
Relationship of tLoD, Laboratory Analysis, and Cardiac Performance
No obvious relationship between tLoD tertiles and reported plasma markers was seen. Patients exhibiting lower compared with higher tLoD showed a greater clinically scored MPS ischemia area and ischemia severity. Automatically generated MPS ischemia severity was also higher in the lowest tertile compared with the highest. A summary of MPS data in the different tLoD groups can be seen in Table 2 .
Relationship Between tLoD and CV Outcome
Median follow-up time was 372 days. A total number of 61 MACEs occurred, including death, myocardial infarction, stroke, and coronary arterial revascularization (percutaneous intervention, nϭ43; coronary artery bypass grafting, nϭ9). In a Kaplan-Meier survival analysis, lower tLoD predicted 1-year event rate with an OR of 1.9 when comparing the highest and lowest tertiles ( 2 PϽ0.01, Figure 2A ). In a Cox regression model including gender, age, CCA IMT, radial strain, pulse pressure, and percentage reversibility mass of myocardium, low tLoD remained a significant independent predictor of MACEs (Pϭ0.03) alongside gender and percentage reversibility mass of myocardium ( Table 3 ). The distributions of MACEs are shown in Table 4 . In a separate survival analysis including patients with IMT above and below the median value of 0.06 cm, lower tLoD provided a significantly greater event rate compared with higher tLoD and IMT in the lower median. Thus, as shown in Figure 2B , tLoD provides an incremental value above IMT in prediction of event-free survival.
Discussion
In the present study, we investigated longitudinal CCA wall displacement with VVI technique and the possible relationship to clinical variables and CV prognosis in a population with suspected CAD. In this initial study, we demonstrated that patients presenting with a lower longitudinal VVIassessed wall displacement of the CCAs have a greater clinically scored MPS ischemia area and score and automatically generated ischemia severity. Patients presenting with a greater IMT in the CCA exhibited the lowest tLoD. Divided in tertiles, higher tLoD was associated with a better CV prognosis at 1-year follow-up. VVI-derived tLoD seems to reflect both vessel wall morphology characteristics and myocardial ischemia in a population with suspected CAD. The longitudinal vessel wall movement has previously been observed to be very small when assessed invasively by external electromechanical devices attached to the aorta in dogs. 20, 21 However, with modern ultrasound techniques, Persson et al have developed a method with the ability to measure simultaneously the magnitude of the longitudinal and radial wall motion at different depths of the arterial wall. 22 Their initial in vivo trial of this method revealed a greater longitudinal movement of the intima-media complex compared with the tunica adventitia. In the study mentioned, the movements of the anterior and posterior CCA walls were reported to be of equal size. Male gender is known to be associated with increased arterial stiffness and CAD. Also, hypertension is well known to be 1 of the most important determinants of arterial stiffness. Surprisingly, tLoD does not seem to be related to gender, blood pressure, or diabetes mellitus diagnosis. Unlike conventional arterial stiffness measurements, the lack of association with known risk factors may indicate that tLoD is reflecting other aspects of arterial wall function or, alternatively, is a result of this specific patient cohort.
Our study shows lower tLoD is associated with increasing IMT but that there is no significant relationship to plaque area. This may indicate that tLoD is reflecting local vascular properties. Both the occurrence of plaque in the carotid bifurcation and the IMT have been shown to reflect CV status. The occurrence of plaque in carotid bifurcations is dependent not only on systemic atherogenic risk factors but also on the local hemodynamic environment. To avoid potential local mechanical influence from the carotid bifurcation, tLoD was measured 1 cm proximal to the bulb, with the intention to reflect mechanical properties of a systemic atherosclerotic disease. In analogy with this finding, we suggest that tLoD be measured preferentially approximately 1 cm proximal to the carotid bulb to avoid local influence of plaque occurrence.
Interestingly, few studies have shown prospective values for future CV events with local stiffness measurements in the radial direction. [23] [24] [25] [26] [27] In the current study, local radial strain was not associated with CV outcome. As suggested by Humphrey et al, studying mechanical forces acting on vessel walls following vascular wall thickening due to various CV risk factors, the axial stress is decreased to a larger extent than the circumferential stress, which may imply that the longitudinal wall motion might be an earlier and more sensitive measure of vascular wall remodeling compared with traditional local radial diameter measurements. 28 Indeed, the correlation between tLoD tertiles and IMT may partially support this presumption. Furthermore, the magnitude of the CCA longitudinal movement is closely related to the presence of cardiac ischemia, both clinically and automatically determined by MPS. It has been shown previously that the presence of ischemia is strongly related to extent and severity of CAD as verified by coronary angiogram. 29, 30 Also, carotid IMT has been shown to correlate with extent of CAD as verified by coronary angiogram. 31 Although no direct correlation has been provided between tLoD and angio-verified CAD severity, the fact that tLoD correlates with both carotid IMT and presence of ischemia suggests that tLoD reflects the extent of CAD in this population. Whether tLoD is under the influence of cardiac performance, ie, contractility, merits further investigation.
CCA vessel wall displacement has been shown to be multiphasic, at least in healthy volunteers. 32 Even though the VVI software generates robust measurements of peak and reversed peak values, in its current version, the software does not seem to be suitable for evaluation of this multiphasic aspect. However, future software development may shed light on the clinical importance of this reported phenomenon.
In CV risk stratification, it is of great importance to view both cardiac and vessel status. VVI-derived tLoD of the CCA is a simple, highly feasible, noninvasive method and can be a possible future approach in local arterial stiffness determination, with the advantage of being an integrative method reflecting both vessel and cardiac functions.
Study Limitations
In the present study, we defined MACEs as a composite measure of death, stroke, acute myocardial infarction, and coronary arterial revascularization, including percutaneous intervention and coronary artery bypass grafting. Because of the short follow-up time and relatively low number of events, the difference in events in the various tLoD groups was mainly driven by arterial revascularization. However, in this clinical setting, with patients undergoing MPS to diagnose presence of ischemia for potential intervention, the ability of tLoD to predict this clinical outcome is considered relevant. Indeed, it has been shown that MPS-verified ischemia is a great predictor of future hard MACEs, 33 and medical and surgical intervention leading to reduction in ischemia saves lives. 34 Future long-term follow-up may address its potential ability to predict spontaneous cardiac events in terms of cardiac death and nonfatal myocardial infarction. Also, because only a subset of the patients underwent coronary angiogram, we cannot provide a direct correlation between tLoD and the extent and severity of the atherosclerosisrelated morphological changes in the coronary arteries. This topic will hopefully be addressed in an ongoing study involving patients after percutaneous intervention.
In this patient cohort, tLoD seems to be associated with both local vessel structure and presence of cardiac ischemia. Despite this, tLoD appears to be an independent predictor of 1-year event-free survival, and more mechanistic studies are required to deepen our understanding of this interesting vascular mechanical property. Furthermore, whether tLoD will be a prognostic factor in a general population other than patients with suspected CAD needs to be investigated further.
In this study, no evaluation of pulse wave analysis was performed. Consequently, the potential relationship between tLoD and central blood pressures could not be directly evaluated, and this matter remains to be investigated.
Conclusions
Several ultrasound-based arterial stiffness methods are in use in addition to cardiac examinations in investigations of patients with suspected CAD. Our results suggest that VVIderived tLoD of CCA is an integrative variable combining assessment of both vessel and cardiac status. Furthermore, tLoD predicts ischemia and predicts that those patients with a low tLoD could potentially be considered for coronary angiography to evaluate need for revascularization. Finally, tLoD seems to provide additional prognostic value on top of morphological characteristics of the CCA.
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